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Introduction
The possibility of converting thermal energy directly to electricity holds promise of improving the efficiencies of current power systems as well as future sustainable energy systems 1 . Solid-state thermoelectric (TE) materials 2, 3 between the Seebeck coefficient and the electrical conductivity is commonly known as the Pisarenko relation 5 , which implies that increasing the carrier mobility is crucial for boosting the power factor. Moreover, the electronic thermal conductivity usually grows with an increasing electrical conductivity, indicated by the Wiedemann-Franz law (k e = LTs , where L is a proportionality constant called the "Lorenz number" 6 ), due to the fact that heat and electricity is transported by the same group of carriers in this case. Furthermore, although the phonon thermal conductivity does not directly connect to the electronic properties, the conventional methods of reducing the phonon thermal conductivity, such as introducing defects and alloying, also increase the scattering of electrons, and deteriorate the electrical conductivity. From the above discussion, it is clear that an ideal TE material should possess a combination of properties of nondegenerate semiconductors (a high Seebeck coefficient), metals (a high electrical conductivity), insulators (a low electronic thermal conductivity) and amorphous materials (a low phonon thermal conductivity). In this light, it is tempting to think that creating mixtures of materials, i.e. composites, would be a promising route towards better thermoelectrics. Furthermore, thermal interface materials for many applications use composites to improve the thermal transport of the base polymers, although "nano" may not be the best approach due to the increased interface resistance. In this article we review the unique features of transport properties emerging in nanocomposites followed by examples in thermoelectrics and thermal engineering, including soft nanocomposites, as summarized schematically in Fig. 1 . The ideas of modulation doping and scattering engineering can be further combined: although the modulation doping in bulk nanocomposites improves the carrier mobility over the conventional uniform doping, the interfaces between nanodomains and the host can still scatter or trap carriers 33 , compromising the mobility enhancement. One solution is to design the geometry, composition and structure of the nanodomains to minimize, or even vanish, their scattering cross sections for carriers around the Fermi level. Furthermore, a sharp dip in the spectrum of the scattering cross section can potentially improve the Seebeck coefficient as well. Such a design was first put forward by Liao et al. 53 , as core-shell spherical nanoparticles with carefully designed geometry, band offsets and effective masses to make the contributions from the first two partial waves to the total scattering cross section vanish at the same time, as illustrated in Fig. 2 (b)(c).
Interfacial Phenomena
They were able to demonstrate a reduced scattering cross section smaller than 0.01% of the nanoparticle's physical cross section. In a model calculation, they showed the so-called "invisible doping" can improve the power factor of GaAs by one order of magnitude at 50K 54 . Realistic designs using hollow nanoparticles 55 and graphene 56 were also proposed.
Mobility enhancements due to interactions between nanodomains across the interfaces have also been recently observed in organic/inorganic hybrid thermoelectrics. One example is the improved polymer chain alignment and ordering of polyaniline (PANI) around single-walled carbon nanotubes (SWNT)
in a PANI/SWNT composite that significantly enhances the carrier mobility 57 ,
induced by strengthened p -p interactions between polymer and nanotubes across the interfaces, as schematically shown in Fig. 2 
(d).
Interfaces can have multiple effects on phonon transport as well. For example, the reflection and transmission of phonons at an interface leads to the thermal boundary resistance (or interfacial thermal resistance) 11 , which is already present in macrocomposites. Such phonon reflection not only exists at interfaces between different materials, but also at the grain boundaries within the same material 58-60 . In nanocomposites, such interfacial thermal resistance becomes dominant and can significantly reduce the thermal conductivity. It is generally assumed that interfaces can randomize phonon phases and scatter phonons to different states, giving rise to the classical size effect that will be reviewed in the next section. There are also increasing recognition that interfaces are not effective in randomizing the phases of long wavelength phonons, and it is possible to observe coherent phonon transport.
Classical and Quantum Size Effect
The potential benefits of nanostructuring to thermoelectrics were first recognized by Hicks Fig. 3(a) ), these structures are not easily scalable and hence not suitable for practical applications in larger scales. In addition to the dimensionality modification, the quantum confinement effect has also been applied to adjusting the relative positions of electronic bands for better thermoelectric performance, first proposed in a GaAs/AlAs superlattice The key assumption behind the success of the nanostructuring approach is the length scale separation between the electron and phonon mean free paths:
electron mean free paths are much shorter than phonon mean free paths in most TE materials, and thus electrons are less affected by the nanostructures. This idea was recently quantified by first-principles simulations of both phonon 128-134 and electron transport 135 . The first-principles simulation also reveals the wide distribution of phonon mean free paths in real materials (usually spanning nm to μm range, see Fig. 3(c) ), which necessitates nanostructures of disparate length scales to fully block the phonon flow. Along this path, the nanostructuring approach culminates in the synthesis of all-scale hierarchical micro/nanostructures in a single material 28 , schematically illustrated in Fig. 3(d another proposed lower bound of the thermal conductivity is the Casimir limit (typically higher than the minimum of Cahill and Pohl), where the minimal phonon mean free path is set by the characteristic size of the sample, for example, the film thickness. These studies all imply that phonons lose their coherence (phase information) at the interfaces, and are viewed as in the classical size effect regime. The possibility of obtaining an even lower thermal conductivity in the coherent transport regime will be discussed in the next section.
Given the existing mechanisms for electron and phonon engineering in nanocomposites, lots of efforts has been made to realize these mechanisms simultaneously in a same material system in a synergistic way. This so-called "panoscopic" approach 144,145 has led to successful examples 30,72,146,147 , while more work needs to be done (for example, combining nanoprecipitates and modulation doping) to promote the thermoelectric performance to the next level. We should recognize that current modeling and simulation tools are not able to deal with such complicated mesoscale systems, and as a consequence, most effective approaches and optimization strategies are yet to be developed.
Coherence Effect
An interesting question is whether one can explore the wave effects of phonons to achieve an even lower thermal conductivity than the minimum value predicted in the classical size effect regime (the Casimir limit), for example, by goal is to reduce the thermal conductivity. In fact, to reduce the thermal conductivity, one should target to destroy the phonon coherence. Thus, whether one can design phononic crystals to reduce the thermal conductivity below the Casimir limit is an open question. It is also interesting to ask whether one can explore other wave effects, e.g. localization 161 , to further reduce the thermal conductivity. The observation of the coherent phonon transport in superlattices raises hope that one can explore phonon wave effects to manipulate the thermal conductivity in composite structures.
Soft Matter as Nanocomposites
The reduced thermal conductivity of nanocomposites, although desirable and effective for thermoelectric materials, is not preferable when one's goal is to improve the thermal transport. One example is the composite approach to improve the thermal conductivity of polymers, which typically have a low intrinsic thermal conductivity less than ~0. 
Summary
In this article, the progress made in applying the concept of nanocomposites to the field of thermoelectrics and thermal engineering is reviewed at a high level, with an emphasis on the emerging principles of heat and charge transport in nanocomposites that are distinct from those in macrocomposites. Looking forward, we believe a synergistic fusion of these new features and principles will lead to better material performances, which can be accelerated through advances in both the multiscale transport modeling techniques and the material synthesis and processing capabilities. Memorial Award, and a Nukiyama Memorial Award. He is a fellow of AAAS, APS, ASME, and the Guggenheim Foundation. He is an academician of Academia Sinica and a member of the US National Academy of Engineering.
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